The application of Fluorescence Correlation Spectroscopy (FCS) to Near-field Scanning Optical Microscopy on diffusing molecules in solution is presented here. The ultra small excitation volume in such a technique allows measurements with fluorophore concentrations of up to 10μM , making FCS in biological environment at nearly native conditions possible.
INTRODUCTION
Measuring dynamics at the molecular scale in native environments is a field of cell biology that is gaining more and more attractivity. The understanding of such processes is fundamental to gain more insight on the function of proteins and a large number of instruments and techniques arised in the last decade to observe such phenomena. For example, Single Molecule Tracking (SMT) follows the pathway of dye-labelled molecules by fitting their Point Spread Function (PSF) in time. This technique is less suitable at high dynamics due to the limiting acquisition time in the range of ms of CCD devices. As an alternative, one can evaluate the fluctuation of the number of molecules that diffuse into and out of a defined observation volume. These fluctuations can be monitored by the fluctuation of the fluorescence emmited by these dye-labelled molecules after excitation through a certain distribution of light defining an excitation profile. This method, called Fluorescence Correlation Spectroscopy (FCS), computes the autocorrelation function of the electrical signal of a single photon avalanche photodiode (SPAD) detecting the fluorescence from the observation volume. From the knowledge of excitation profile and observation volume it is then possible to access a quantity such as the diffusion coefficient of the molecules. The lowest time scale of the fluctation FCS can detect is the fluorescence lifetime of the dyes, i.e. a few ns. Fast diffusional processes take place at a scale between the ms and the μs. Therefore FCS is well suited at measuring those processes. FCS has readily been used in combination with different advanced microscopy techniques among which Total Internal Reflection Fluorescence (TIRF) or STimulated Emission Depletion (STED).
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Although it was the first microscopy technique to deliver single molecule images at room temperature, 3 NearField Scanning Optical Microscopy (NSOM) has only recently been used in combination with FCS to measure dynamic processes at this level. 4, 5 In this kind of microscopy a light beam is squeezed through an aperture in a metallic film with dimensions typically a tenth of the wavelength of the light that is used. In such a configuration, a strong evanescent field is created at the apex of the probe. As this evanescent field is confined at the probe, excitation volumes as small as 10 −20 L can be created, which is 4 orders of magnitude smaller than the excitation volume in a confocal microscope. The main reason why FCS was not applied to NSOM so far may be the difficulty to obtain small excitation volumes with enough excitation light with the conventional pulled fiber probes. As a matter of fact, this kind of probe, which is the result of pulling a glass fiber upon heating with a CO 2 laser and then coating them with a metal (usually aluminium), have a small taper angle and consequently a low throughput of light, since much light is absorbed in the metal or back-reflected in the glass fiber. 6 We developed another kind of NSOM probe based on the cleaving of glass slabs which can produce larger taper angle. 7 These probes not only have a much larger taper angle with corresponding high light throughput Figure 1 . View of the tip of a gold coated probe after scanning the focussed ion beam at the tip. Left: Drawing where the colors were adapted to the SEM image on the right. The metal coating was made transparent to show the 3-fold cleavage of the cover glass that leads to the tetrahedral tip. Right: SEM image of the triangular aperture tip. the aperture size is about 50nm.
but the tetrahedral form of the tip leads to an even smaller confinement of the evanescent field at the tip with appropriate polarization of the light.
7
With such experimental conditions, NSOM in combination with FCS (NSOM-FCS) might be an appropriate tool to study the dynamics of dye-labelled molecules at an interface, for example a biological membrane. We already successfully carried out experiments at a nuclear membrane using this combination. 4 Here we aim at a better understanding of how different parameters of NSOM-FCS influence the autocorrelation function. In particular we show the influence of the inhomogeneous excitation field at the aperture probe and how to extract information about it from the autocorrelation function. This work shows as well the potential of NSOM-FCS to analyse dynamics in biological systems at high concentrations.
EXPERIMENTAL SETUP AND METHOD
Our setup comprises two parts. The "excitation" part is dedicated to bring dyes in a defined volume to fluoresce and the "detection" part has to collect the fluorescence out of this volume. In a confocal setup this excitation volume is mainly defined by the diffraction limited size of the laser beam. In the case of NSOM-FCS, the NSOM probe builds this excitation volume out of the strong evanescent fields at the tip of the probe.
The tetrahedral NSOM probe
The central part of our experimental setup is the near-field probe. It is made of a 3-fold cleavage of a conventional microscopy cover glass (thickness 0.16 − 0.19mm, Menzel GmbH ). Glass forms very sharp edges when cleaved and by building a tip out of a cleavage in 3 perpendicular directions, a tip radius of a few nanometers can be achieved. The probe is then coated with a metal (here gold or aluminum) in a magnetron sputtering unit (Auto500, BOC Edwards). To create the aperture out of the metallic tetrahedral tip, a focussed ion beam is slowly raster-scanned in the symmetry plane of the tip until the glass aperture has the desired size (Fig. 1) . With this technique aperture sizes down to 10-15nm can be achieved.
This kind of probe has the advantage to give a far higher light-throughput as compared with a conventional NSOM probe since taper angles of 90
• and beyond can be achieved by cleaving glass. This has a direct consequence for FCS in liquids: very small volumes can be obtained by tailoring a small size of the aperture of the probe with still enough excitation light.
Excitation setup
To easily focus the excitation light into the probe aperture, the probe tip is fixed to a small right-angle glass prism (Optikron GmbH ) with an optical adhesive (NOA 81, Norland ) (Fig. 2) . The basis of the glass prism is 4, 5mm × 3, 2mm, the height, 1, 6mm. Combined with the thickness of the glass slab and of the thick cover glass that allows to better handle the small prism, the total glass thickness that the light has to go Figure 2 . The whole NSOM probe consists in a glass prism fixed on a cover glass of 10mm 2 and 0.3μm thick and the cleaved glass slab fixed on the prism. The basis of the prism is 4, 5mm × 3, 2mm big and its height is 1, 6mm (left image). The probe aperture is at the tip of the glass slab (middle and right images). The whole probe is metal coated except the back side of the thick cover glass, through which the focussing of the excitation light in the aperture is realised.
through in this probe is about 2mm. The excitation light is delivered from a Helium-Neon laser (λ = 632, 8nm, Schäfter&Kirchhoff GmbH ) and is guided to the NSOM through a polarisation maintaining single-mode optical fiber (Schäfter&Kirchhoff GmbH ). After being collimated it passes an excitation filter (AHF GmbH ) and a polarisation prism. A rotatable half-wave plate enables to vary the polarization of the collimated beam with regard to the edges of the triangular aperture of the NSOM probe. The light beam is then focussed into the aperture of the NSOM probe through an objective (Plan Fluor ELWD, f = 7, 4mm, NA = 0.45, Nikon). The objective is equipped with a correction collar that accounts for the additional distance in the glass prism. A home made focussing unit based on 3 piezoelectrical components (P-883.50 PI Instruments) allows us to tilt the collimated beam to precisely focus the light beam into the aperture.
Fluorescent samples
The samples studied here are organic dye molecule (Alexa Fluor R 647, Invitrogen). A defined quantity (usually a few milligramms) of the fluorophore is dissolved in a small volume of chloroform (usually a few microliters). Stock solution is diluted until the desired quantity of dye is obtained. The chloroform is then vaporized with a gentle flow of nitrogen. Finally Phosphate Buffer Solution (PBS) is added until the desired concentration of fluorophore is reached. PBS was used to ensure a constant pH between different FCS measurements but adjusting the solution to a pH as neutral as possible ensures a longer lifetime of the aluminum coated probe tip during a FCS measurement. The concentration of the solution is controlled by a conventional spectrophotometer.
The measurements are usually done with 300μL of the dye solution. This solution is deposited on a cover glass with 2mm high boarders of PDMS (Sylgard 184, Dow Corning, mix. ratio 10:1) building a chamber to avoid the solution to flow over the glass boarders when the probe is immersed.
Detection setup
Base of the detection setup is an inverted microscope (Eclipse TE-2000-U, Nikon) on which the chamber with the dye solution is deposited. The fluorescence from the dyes is collected by an oil-immersion objective (S Fluor, NA=1.3, Nikon) 10μm away from the glass surface. The collected light is then focussed in a 50/50 multi-mode optical fiber, which divides the beam into two beams of equal intensities. These two beams are then focussed on the detection area of two SPADs (SPCM-AQR-14, Perkin Elmer ). A Time-Correlated Single Photon Counting (TCSPC) device (PicoHarp300, PicoQuant GmbH ) counts the number of electrical pulses of the SPADs and assigns a time stamp. A home-made software based on the multiple-tau correlation technique then computes the desired autocorrelation * .
The whole setup is outlined in Fig. 3 . * in fact the cross correlation between the signal of the 2 SPADs to avoid dead time effect of a single SPAD on the autocorrelation function 
Fluorescence Correlation Spectroscopy
FCS is primarily used in confocal microscope to assess the mean concentration of a solution or alternatively the diffusion coefficient of dye labelled molecules. These quantities can be computed from the fluctuations of the concentration of dye-labelled molecules in a usually open volume illuminated with a defined intensity profile, generally the Gaussiam beam of a laser (Fig. 4, left) . The autocorrelation function of a fluorescence signal F (t) is usually defined as:
where δF (t) = F (t) − F (t) are the fluctuations of the fluorescence signal. τ is defined as "lag time". In case of a Gaussian beam with a beam waist of 2w 0 and a beam height of 2z 0 , the autocorrelation function can be derived analytically:
where N is the mean number of molecules in the excitation volume and D their diffusion coefficient. Fitting the measured autocorrelation function with such a function provides not only knowledge from the diffusion coefficient and the mean number of molecules in the excitation volume but from its geometry too.
At this point it is helpful to notice that this autocorrelation function is made out of two distinct diffusion times, an axial diffusion time τ z = 4D . For a diffraction limited volume, as the beam height 2z 0 is at least three times larger than the beam waist 2w 0 , these 2 diffusion times differ at least in an order of magnitude. At half maximum, the value of the autocorrelation function for the 3D diffusion is consequently hardly different from the value of the 2D case derived by Elson and Magde where only lateral diffusion is considered: (Fig. 4, right) can be safely regarded as the contribution from the lateral diffusion. The axial diffusion change noticeably the form of the function only for longer lag times.
Even if FCS is a smart method to assess dynamic without having to disturb the thermodynamical equilibrium in a system, it cannot probe systems at arbitrary concentrations. As it appears from Eq. (2), the more molecules diffuse through the excitation volume, the less amplitude has the autocorrelation function. In an ideal confocal setup with an excitation volume of about 300nm×300nm×1000nm the concentration at which the autocorrelation function has a unitary amplitude is about 10nM . However, the concentrations usually involved in molecular processes inside the cell are in the range 1μM − 100μM . A smaller excitation volume is needed to assess the dynamic of proteins in native conditions.
RESULTS AND DISCUSSION

The evanescent field at the NSOM probe
Owing to the rapid decay of the evanescent field at the probe, NSOM is a surface sensitive method. The scale on which this decay takes place is illustrated by the intensity measurement of a fluorescent 100nm-sized sphere fixed on a glass substrate with a gold coated tetrahedral probe with aperture size of 75nm (Fig. 5) . This decay can be well described by 2 exponential functions. The decay length of the contribution of greater amplitude is only 2.9 ± 0.4nm and therefore the overall amplitude has already dropped to 
NSOM-FCS
NSOM with aperture probes is known to have a lateral resolution that directly scales with the size of the aperture of the probe. Furthermore the measurement in Fig. 5 shows an even smaller depth of field in axial direction. Therefore, a probe of ∼ 70nm aperture size features an excitation volume of about 10 −19 L. Correspondingly, FCS measurements with molecule concentrations as high as 10μM are accessible. An example of such measurements is presented in Fig. 6 . For these measurements the same gold coated aperture probe of 80nm aperture size was used with following fluorophore concentrations: 100nM , 1μM and 10μM . Unsurprisingly, the amplitude of the autocorrelation function decreases with increasing fluorophore concentration. As it can be seen from the autocorrelation function with the lowest amplitude, i.e. for a fluorophore concentration of 10μM , the amplitude at zero lag time τ is not the ideal value of 1 that could be expected from a rough comparison of the excitation volume in NSOM-FCS and conventional FCS with a diffraction limited Gaussian excitation volume. This might stem from the fluorescence background arising from the far-field part of the excitation light. In the far-field, the intensity of the laser light is much lower but in contrast to the near-field a much larger number of fluorophore may be excited. This non fluctuating background leads to a decrease of the amplitude of the autocorrelation function.
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There are 2 possible ways to get more quantitative insight on the different parameters involved in the process. The best way is to derive the analytical representation of the autocorrelation function that depends on the analytical form of the excitation volume and the properties of the dye solution (mean concentration of molecules in the excitation volume and their diffusion coefficient). As there is no such analytical solution of the near-field for our probe, this approach is not possible. But a better understanding can be gained from the theory of Total Internal Reflection FCS (TIR-FCS) developed by Thompson et al. . 1 In this theory, an analytical representation of the autocorrelation function is derived for the case of an evanescent field in one direction and homogeneous in the 2 other directions:
where Re = Similarly to the consideration on the separation of the contributions in the autocorrelation function depending on the different diffusion lengths involved (see Chap.2.5), we can assume that the decay for small lag times is mainly due to diffusion through the evanescent field in axial direction. Following this approximation, the measurement in Fig. 6 for the concentration 100nM can be fitted with Eq. (4) on the small lag times domain (Fig. 7) . Taking the litterature value of the diffusion coefficient D = 250μm
2 /s of Alexa647, 13 we obtain for the decay length the value d = 11.5 ± 0.3nm. This is consistent with the decay length of ∼ 10nm obtained from the fluorescence intensity measurement of a fluorescing sphere (Fig. 5) . This measurement represents in fact a calibration measurement to assess the decay length of a probe of given aperture size. Further measurement with any dye-labelled molecules can then give access to the diffusion coefficient of these molecules.
Unsurprisingly the measured autocorrelation function of Fig. 7 decays faster at longer lag times as the TIR-FCS function of Eq. (4). Once again this has the same reason as explained in Chap. 2.5: the diffusion in lateral direction influences the autocorrelation function only at longer lag times. In NSOM-FCS the excitation field is not homogeneous in lateral direction as in TIR-FCS but decays with increasing distance to the aperture. This longer decay length contributes to a faster decay of the autocorrelation function in NSOM-FCS.
The second way to get insight on the dynamics of the system takes advantage of the statistical nature of the measurement. The autocorrelation function is nothing else as an ensemble measurement (see Eq. 1) of signal stemming from the diffusion event of particles through a defined excitation volume. Furthermore the density probability function of the movement of a particle from the position x i at time t to x i +Δx i at t +Δt is described by a normal distribution of mean 0 and variance 2DΔt. Hence, a Monte-Carlo simulation giving the fluorescence intensity as a function of the position of the molecule in the excitation volume is perfectly suited to simulate the autocorrelation function of the fluorescence signal even with a complicated distribution of excitation intensity. A detailled explanation of the application of this technique to this problem can be found elsewhere. 4 First calculations using the description of the near-field intensity through the theory of Bethe-Bouwkamp 14, 15 show promising results.
CONCLUSION
FCS is a technique to probe dynamics in systems where fluorescence labelling is possible without having to get the system out of his thermodynamical equilibrium. However for a confocal setup at to high concentrations (> 10nM ), fluctuations of the fluorescence signal are hardly discernable so that the autocorrelation function becomes only noisy. NSOM features an extraordinary small excitation volume of about 10 −19 to 10 −20 L that is 3 to 4 order of magnitude smaller than in a confocal setup. Therefore the combination NSOM-FCS can assess dynamics in high concentrated systems up to 10μM . For cell biology, it means that a dynamical measurement is possible in nearly native conditions. The confinement of the excitation volume at the aperture of the probe makes NSOM-FCS perfectly suited for transport processes at biological membranes. Taking advantage of the scanning technique of NSOM, NSOM-FCS can be used to image first the sample in order to choose a place in the membrane where transport phenomena take place and finally calculating the autocorrelation function by FCS at the interesting place. However, a complex distribution of the excitation intensity at the probe and some quenching at the metal coating influence the autocorrelation function in such a way that a direct interpretation of a diffusion coefficient out of a autocorrelation function is not possible. We are currently implementing a Monte Carlo simulation taking these parameters into account.
